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Adaptive Interval Type-2 Fuzzy Controller for
Variable-speed Wind Turbine

Danyal Bustan and Hoda Moodi

Abstract—In this paper, an adaptive interval type-2 fuzzy con-
troller is proposed for variable-speed and variable-pitch wind
turbines. Because of attractive features of the well-known wind
turbine baseline controller, the proposed controller acts as an
augmented controller and works in parallel to the baseline con-
troller. As typical variable-speed wind turbines have different
controllers for different operation regions, for each operation re-
gion, a dedicated interval type-2 fuzzy controller is designed.
Because of the uncertainty in wind speed measurement, modern
control techniques try to estimate this value. However, in con-
trast to these modern control techniques, the proposed control-
ler is independent of the wind speed estimation. Thus, there is a
better saving in cost and computational burden. To evaluate the
effectiveness of the proposed controller, simulations are conduct-
ed with wind profiles which span all operation regions. Results
show that, compared with the baseline controller, the proposed
controller enhances power generations and reduces mechanical
loads concurrently.

Index Terms—Interval type-2 fuzzy control, baseline control-
ler, wind speed measurement, wind turbine.

[. INTRODUCTION

ENEWABLE energy is clean and safe. It is environ-

mental friendly and available in a large portion of time.
Wind power is one of the renewable energy sources which
attract lots of attention. Nowadays, by using huge wind tur-
bines, harvesting multi-megawatt energy in a typical wind
farm is a common engineering practice. A wind turbine is a
mechanical device which converts kinematic energy of wind
to electric energy. As wind speed increases in higher alti-
tudes, to capture maximum energy from wind, huge struc-
tures are employed. Control of these huge structures is a
challenging problem.

There are many researches with the topic of wind turbine
control. In [1], a comparative study of standard and adaptive
techniques is reported. A review of control techniques is
summarized in [2]. Linear parameter varying (LPV) control-
lers are employed in [3], [4]. These controllers, which are
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based on estimated wind speed, cover the entire operation re-
gions of the wind turbines. Unknown input observers (UIOs)
for state estimation and fault detection using LPV model is
proposed in [5]. In the paper, the aerodynamic curves are lin-
earized and pitch actuator faults are studied. Parametric un-
certainties in wind turbine systems are tackled with adaptive
back-stepping control techniques in [6]-[8]. These techniques
have tried to improve rotor speed tracking performance in
partial load operation regions.

A modified model predictive method using the finite con-
trol set for controlling both rotor speed and pitch angle is in-
troduced in [9]. The method uses the linearized model of the
wind turbine and estimates wind speed by a non-standard ex-
tended Kalman filter (EKF) estimator. In [10], a combination
of nonlinear dynamic inversion (NDI) and model reference
adaptive controller (MRAC) is proposed for partial load op-
eration region. By combining a nonlinear state feedback
torque control with a linear control for blade pitch angle
(BPA), [11] proposes a multi-variable controller for opera-
tion region with above rated wind speed. The performance
of this controller is evaluated on National Renewable Energy
Laboratory (NREL) simulator.

To address fault detection and isolation (FDI) and fault tol-
erant control (FTC) problems, [12] proposes a benchmark
system. Utilization of fuzzy model reference adaptive control
for actuator fault diagnosis and passive fault tolerant torque
control of wind turbines is the topic of [13]. Also, in the pa-
per, a fuzzy active FTC scheme is introduced which exploits
an automatic signal correction approach.

Set-valued observers and interval observers are studied in
[14] and [15], respectively. The proposed scheme in [14]
needs LPV model of wind turbines and it is mentioned that
the effectiveness of the proposed scheme is dependent on
the availability of large computational resources. Reference
[15] proposes an FDI and FTC scheme for BPA subsystems
which rely on the use of interval observers and virtual sen-
sors/actuators.

Artificial intelligence (Al) is also employed in wind tur-
bine control. Multi-scale convolutional neural networks are
employed in [16] for automatic feature extraction and fault
classification for fault diagnosis of wind turbine gearboxes
without additional signal processing or diagnostic expertise.
In the paper, only raw vibration data are used. An adaptive
control method based on the radial based function (RBF)
neural network is applied in [17] to a 5 MW wind turbine
simulator. The method covers entire operation regions of
wind turbines including the smooth transition between par-
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tial and full load modes. Fuzzy models have also been ap-
plied to variable-speed wind turbines successfully [18], [19].
In [20], a Takagi-Sugeno (T-S) observer based controller is
designed using linear matrix inequilities (LMlIs). Also, a
fault tolerant controller is introduced, which uses piecewise
nonlinear approach to tackle nonlinear terms of wind turbine
dynamics. A T-S observer/controller with nonlinear conse-
quent parts is proposed in [21]. By using such nonlinear T-S
approach, modeling accuracy is improved due to the avoid-
ance of linearization of some nonlinear terms in controller
design procedure. Interval type-2 fuzzy controllers (IT2FCs)
are used for controlling wind turbines in [22], [23]. These
controllers are applied to pitch control subsystems of wind
turbines and compared with classical proportional-integral
(PI) and type-1 fuzzy controllers. In [24], a sliding mode
IT2FC is proposed for partial load operation region of a 1.5
MW wind turbine equipped with doubly-fed induction gener-
ator (DFIG). A robust fault estimation and fault tolerant con-
troller and an unknown input fuzzy observer are proposed us-
ing T-S in [25]. The remarkable advantage of the schme pro-
posed in [25] is that the pre-existing controller can work
with the proposed signal compensation technique. Wind
speed estimation and sensor fault detection in pitch systems
using T-S and T-S sliding mode observers are stated in [26].
Robust observer-based T-S fuzzy output feedback control for
operation region with below rated wind speed is proposed
in [27].

It is worth noting that most of the above-mentioned refer-
ences try to propose control schemes only for one operation
region: partial load operation region (below rated wind
speed) or full load operation region (above rated wind
speed). On the other hand, if a controller tries to cover all
operation regions, it heavily depends on the accurate wind
speed measurement/estimation. It should be noted that be-
cause of the inherent uncertainty in measuring effective
wind speed, any controller which depends on wind speed da-
ta suffers from this uncertainty.

Among these advanced techniques, a standard baseline
controller is widely used in industries. This simple but effec-
tive controller, with its smart heuristic stability proof [28],
has very attractive features. One of its features is that, in
contrast to the modern control techniques which are based
on the accurate wind speed measurement/estimation, this
controller is independent of this value. Despite this indepen-
dency, this controller is robust and has a good performance.
Unfortunately, there are few comparisons between baseline
and modern controllers in literature.

The contribution of this paper is the augmentation of an
IT2FC to the baseline controller. As there is inherent uncer-
tainty in wind speed measurement and this imperfection has
direct effect on the performance of the system, interval type-
2 fuzzy system could be effective. By augmenting an IT2FC
to the standard baseline controller, the robustness of the sys-
tem to imperfection in wind speed measurement is increased
and the overall performance of the wind turbine controller is
improved.

To evaluate the effectiveness of the proposed controller,
using Fatigue, Aerodynamics, Structures and Turbulence

(FAST) wind turbine simulator [29] provided by NREL, sim-
ulations are performed with wind speed profiles which span
partial load, full load, and entire operation regions. Results
show that with this controller, power generation is increased
whilst BPA variation is reduced. It should be noted that, any
reduction in BPA variation decreases mechanical loads.

This paper is organized as follows. In Section II, an intro-
duction to the wind turbine is presented. The standard base-
line controller is the topic of Section III. Section IV is devot-
ed to the IT2FC design. In Section V, the performance of the
proposed controller is evaluated by a real wind profile. Finally,
the paper ends with some concluding remarks in Section VI.

II. WIND TURBINE INTRODUCTION

Wind turbine is a mechanical device which produces elec-
tric energy from the kinetic energy of wind. A simple rigid
body model of a wind turbine is summarized in (1) [28].

6= ()

where w,p, R, A,f,v are the rotor speed, air density, radius of
blades, area swept by blades, pitch angle of blades, and
wind speed, respectively; 7, is the aerodynamic torque
caused by wind; 7, is the generator torque which is com-
manded by the controller; 4 is the tip speed ratio (TSR),
which is defined as (2); and C,(4,/) is a nonlinear function
of TSR and BPAs, which is called power coefficient and is
defined as the ratio of the wind power captured by wind tur-
bine P to the available power of wind P,,,, as shown in (3)
[28]. Figure 1 shows a typical C,(4,f) curve [30].

=% @

(M

3)

Fig. 1.

A typical C, (4 f) curve.

III. STANDARD BASELINE CONTROLLER

In a typical variable-speed variable-pitch wind turbine,
there are four operation regions based on wind speed. In re-
gion 1, wind speed is below the cut-in speed v, ,, and thus
there is no power generation. In region 2, the wind speed is
above the cut-in speed and below the rated wind speed v,
In this region, by changing rotor speed and keeping BPAs at
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a constant value near zero, the controller tries to maximize
power capture. This region is called maximum peak power
tracking (MPPT), partial load or variable-speed operation re-
gion. In region 3, which is called full load operation region,
wind speed is larger than the rated wind speed. Although the
wind turbine can generate more power than its rated value,
the controller tries to limit power production to the rated
power. To this end, the controller tries to keep the rotor
speed at its rated value by changing BPAs. In region 4, in
which wind speed is larger than the cut-out speed v,,,,,, be-
cause of safety reasons, wind turbine stops rotating. These
operation regions are depicted in Fig. 2 [21]. Sometimes for
bump-less transfer between regions 2 and 3, a region 2.5 is
added to these operation regions.

Power
Region Region Region
1 2 3 4
Veut, in Vrated Veur, o Wind speed
Fig. 2. Sample of wind turbine operation regions.

As mentioned above, there are two operation regions for
controllers: region 2 and region 3. In the following, the base-
line controller for each operation region is introduced.

A. Region 2 Controller

As mentioned earlier, in this region, BPAs are kept at a
constant value near zero and the controller tries to regulate
rotor speed by changing generator torque. In this operation
region, the generator torque is commanded using (4) [28].

T, =k’
_ l 3 Cp,max (4)
k= 2 PAR PH

where C,,, and A. are the maximum of C,(4,5) and the
TSR in which this maximum occurs, respectively. Details of

this controller and its stability proof can be found in [28].

B. Region 3 Controller

In region 3, the controller tries to keep rotor speed at its
rated value by controlling BPAs. In this mode, a gain sched-
uled PI controller is employed in the baseline controller [29]:

K= — 2220 Grp)
N(— oP/op \M)
wJw
Ki(p)= s - GK(p) (5)
N( — 0P/op \H)
GK(f)= ﬁﬁ/ﬂk

where w, and { are the natural frequency and damping ratio
of the 2"-order model of the system, respectively; 0P/9f is

the sensitivity of power to the BPA; J is the inertia of the
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drive-train which is casted to low-speed shaft; N is the ratio
of high-speed to low-speed shafts; and g, is the BPA at
which 0P/0f has doubled from its rated operation point val-

ue. As derivation of this controller is out of the scope of this
paper, readers can refer to [29].

IV. IT2FC DESIGN

A. Interval Type-2 Fuzzy Systems Based on ANFIS Structure

To handle more uncertainty than ordinary (type 1) fuzzy
systems, the concept of type-2 fuzzy systems is introduced
[31]. In such systems, in contrast to type-1 fuzzy systems,
each membership function is also a fuzzy function. As gener-
al type-2 fuzzy systems have complicated mathematics, to
simplify the calculation, interval type-2 fuzzy systems are
proposed, in which only lower and upper membership func-
tions are considered.

In this paper, based on the method introduced by [32], an
adaptive network-based interval type-2 fuzzy inference sys-
tem is employed. Figure 3 shows the structure of this inter-
val type-2 fuzzy inference system [32], where II represents
product operator and N denotes the nodes.

" Adaptive |

'mechanism’' i i
! M

| Adaptive |

[wy, wi] ' mechanism |

Fig. 3.
system.

Structure of adaptive network-based interval type-2 fuzzy inference

This structure has 5 layers. A brief description about these
layers is as follows [32].

1) In layer 1 (input layer), error (e=x—x,) and error deriv-
ative (e=x—x,) are fed to the network, where x is the vari-
able under control and x, is its desired value.

2) In layer 2 (fuzzification layer), original values of e and
e are fuzzified. As the interval type-2 fuzzy system is em-
ployed here, for membership function j of input variable i,
two fuzzy values j; and /_1; corresponding to upper and lower

membership functions are assigned, respectively.
1

x—¢; e
1 ( g ) ]

| (6)

x—c e
1 ( g ) ]

It should be noted that these values correspond to the el-
liptical membership functions in which ¢, and d, are the cen-

=

1=
J




BUSTAN et al.: ADAPTIVE INTERVAL TYPE-2 FUZZY CONTROLLER FOR VARIABLE-SPEED WIND TURBINE

ter and width and a,; and a,; determine the width of uncertan-
ty of the membership function [33], and they should selected
as a;>1 and 0<a,<1. It should be mentioned that with a,,=
a, =1, the fuzzy system is reduced to type 1.

3) In layer 3, “fuzzy and” operation is performed:

W= [
W= g

i
n

@

where 7 is the number of membership functions; w, and w,

are the upper and lower outputs for the i" node in this layer,
respectively.

4) In layer 4 (normalization layer), the normalization is ac-
complished by (8).

®)

where 6, is the value of the consequent part. In this paper, it
is assumed that the consequent part only consists of a single
(adaptive) term.

5) Finally, in layer 5, defuzzification is performed. This
task is done based on (9).

M M
q zwiei 1-9) zﬁ,ﬂi
Y: i;{l + - i=1 (9)
EW:' w,
i=1
where Y is the controller output; and ¢ is a parameter which

i=1
selects the influence of upper and lower normalized outputs
of previous layer.

B. Controller Design

The proposed controller consists of two parts which work
in parallel. The first part is the baseline controller and the
second part is the IT2FC. Figure 4 shows the structure of
the proposed controller.

Generator i 3 Generator
speed onspes torque
P baseline Lo il
Desired controller -
generator
speed Rotor
— speed
a IT2FC
dr
BPA Blade pitch 1
BPA
| baseline o BPAs [ Blade pitch 2
controller L - L Blade pitch 3
BPA
IT2FC

4
dr

Fig. 4. Structure of proposed controller.

For both the rotor speed baseline controller and the BPA
baseline controller, two separate and independent IT2FCs are
tuned. It should be noted that, according to Fig. 4, IT2FCs ma-
nipulate the output of baseline controller blocks and a new
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control signal is generated.

C. Adaptation Mechanism

To improve the performance of the proposed controller
and to adapt controller parameters to fit the system require-
ments, inspired by [32] and [33], the following cost function
based on gradient descent is employed:

J=(S+1,8) (10)

where S=¢+4,¢; and 4, is a positive constant. To stabilize the
system, based on (10), the following adaptation laws are used.

(S +AS)
Agi:yl(aia)
_, OS+8y
Ag=y, o4 (1)
(S +AS)
A(alj,a2,,cj,d,):%m
> =2j> =g

where y, is the learning rate. According to (11), adaptation
of 0, is:

M M
Swo o Sw
01" =0—Tiy| ¢y — +1-9) 5
Swo S,

i

atanh(e)sign(u,) (12)

i=1 i=1
where T, is the sampling time; « is the scaling factor; and u,
is the baseline controller output.

The stability proof of the proposed controller is based on
theorem 7.5 of [33]. It should be mentioned that standard base-
line controllers stabilize the overall system. Therefore, the con-
dition of theorem 7.4 of [33] is also satisfied.

V. SIMULATION

To show the effectiveness of the proposed controller, three
simulations for different operation regions are carried out.
These simulations are conducted on FAST wind turbine sim-
ulator. The parameters of the turbine are summarized in Ta-
ble I [29].

TABLE I
PARAMETERS OF WIND TURBINE

Parameter Value Parameter Value
P (MW) 5 N 98
R (m) 63 J (kg:m?) 43888723
p (kg/m’) 1.225 Veuin (V) 3
C, max 7.8 Vareq (M) 11.25
A 4.85 Y utone (M) 25

As mentioned earlier, there are two controllers, which are
for the rotor speed control and BPA control. Each of these
controllers has an augmented IT2FC whose parameters are
given in Table II. It should be noted that each input variable
has 3 elliptical membership functions. Also, it should be
mentioned that the same a, and a, are used for both inputs.
Thus, for input 2 of the rotor speed controller, lower and upper
limits for membership function 1 are:
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1

oo =]

[

TABLE 11
IT2FC PARAMETERS

(13)

Rotor speed

Parameter controller BPA controller
[a,,a,,,a,;] for inputs 1 and 2 [2,2,2] [2,2,2]
[a,,,a,,,a,] for inputs 1 and 2 [0.5, 0.5, 0.5] [0.5, 0.5, 0.5]

[c},c,.c4] for input 1 [-100, 0, 100] [-2, 0, 2]
[¢,.c,.c4] for input 2 [-100, 0, 100] [-2, 0, 2]
[d,,d,,d] for input 1 [100, 100, 100] [2,2,2]
[d,.d,,d] for input 2 [100, 100, 100] [2,2,2]
0, 0 0
10 10
A 10 10
71 1072 10

A. Partial and Full Load Operation Regions

For partial load operation region (region 2), based on Ta-
bel I, a wind speed profile is generated between cut-in wind
speed (3 m/s) and rated wind speed (11.25 m/s), which is de-
picted in Fig. 5(a).

IR

2E 7

B ST i

0 50 100 150 200 250 300 350

Time (s)
(a)

s 20,

L ~

§§ISJ\/—\ S

23

= 10550 100 150 200 250 300 350
Time (s)
(b)

Fig. 5. Wind speed profiles for different operation regions. (a) Partial load
operation region. (b) Full load operation region.

In the partial load operation region, only the rotor speed
controller is effective. The reason is that the maximum of the
power coefficient occurs when BPA approximately equals 0.
Hence, in this region, it is tried to keep BPA at a constant val-
ue near zero and only the rotor speed regulation is considered.
Figure 6 shows the generated power for this wind profile. It
can be seen that the generated power increases slightly. Al-
though the average power generated by both the baseline con-
troller and the proposed IT2FC is the same (2358 kW), the
standard deviation of this value differs slightly. The standard
deviation of power generated by the proposed IT2FC is 1246
kW, while that of the baseline controller is 1247 kW, which
shows that IT2FC has less power variation. For full load opera-
tion region (region 3), a wind profile such as Fig. 5(b) is select-

ed. The generated power for this wind speed profile is depict-
ed in Fig. 7. It should be noted that in this operation region,
both the rotor speed and BPA controllers are active.

5000
4500
4000
< 3500
3000
2500+
2000 +
1500+
1000 +
500 . . . . . . -
0 50 100 150 200 250 300 350
Time (s)
- - - Baseline controller; — Proposed IT2FC

Power (kW)

Fig. 6. Generated power for partial load operation region.

4650 (1828 4623)

14600
5200 ‘4550 (1828 4611)
5000 4500l

i 180 185 190 195 200 205

Power (kW)

0 50 100 150 200 250 300 350
Time (s)
- - - Baseline controller; — Proposed IT2FC

Fig. 7. Generated power for full load operation region.

The average power generated by the proposed IT2FC is
4205 kW, while that of the baseline controller is 4201 kW. It
is clear that the proposed IT2FC improves the power genera-
tion. For this operation region, Fig. 8 shows the BPA varia-
tion for the selected wind profile.

0 50 100 150 200 250 300 350
Time (s)
- - - Baseline controller; — Proposed IT2FC

Fig. 8. BPA variation for selected wind profile in full load operation region.

For the selected wind speed profile in full load operation
region, The standard deviation of BPA for the proposed
IT2FC is 5.659, while that of the baseline controller is
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5.662. It can be concluded that the proposed IT2FC has
smaller variation in BPA, which means that mechanical
loads in full load operation region are reduced using the pro-
posed IT2FC.

B. Entire Operation Regions

To show the effectiveness of the proposed IT2FC, a simu-
lation with real wind speed profile which spans entire opera-
tion regions of the wind turbine is carried out. With this
wind speed profile, the performance of the proposed IT2FC
for region 2, region 2.5 and region 3 is evaluated.

Figure 9 depicts the wind profile which is used in this sce-
nario. For this wind profile, the generated power is depicted
in Fig. 10. It is clear that the proposed controller enhances
the output power. For the wind profile depicted in Fig. 9,
the average power generated by the baseline controller is
4109 kW, while that of the proposed IT2FC is 4160 kW.

22 ¢

20

—_
o0

—_
N AN
T

Wind speed (m/s)
S
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T

300 400 500 600 700

Time (s)

0 100 200

Fig. 9. Real wind profile used for entire operation region.
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Fig. 10. Generated power for entire operation region.

Table III summarizes the results and compares the perfor-
mance of the proposed IT2FC with the standard baseline
controller.

TABLE III

GENERATED POWER COMPARISON OF IT2FC AND BASELINE CONTROLLER
IN DIFFERENT OPERATION REGIONS

Power in partial
load operation

Power in full load
operation region

Power in entire
operation region

Controller region (kW) (kW) (kW)
Mean Standard Mean  Standard Mean  Standard
IT2FC 2358 1246 4205 2542 4160  341.0
Baseline -, 350 1247 4201 251.8 4109 3065
controller
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As mentioned earlier, the proposed IT2FC manipulates the
baseline controller outputs in the way that the performance
of the overall system is improved. Figures 11-13 compares
the generator torque, BPA, and rotor speed of the baseline
controller and proposed IT2FC, respectively. Based on these
results, it is clear that the proposed IT2FC enhances power
generation, and reduces BPA and rotor speed variations with
respect to the baseline controller.

4.
E 40
z l :
~— I i
g 38 I A I B I ‘\‘ bl A i
2 ! o, g p i \‘, i |
§ 36 | IR IR RS TR
o | , | ‘
2 34}
g |
&3t
30 L L L L L L ]
0 100 200 300 400 500 600 700
Time (s)
- - - Baseline controller; — Proposed IT2FC
Fig. 11. Generator torque for entire operation region.
16
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~ 10
=8
Ay
m 6
4
2t
0 100 200 300 400 500 600 700
Time (s)
- - - Baseline controller; — Proposed IT2FC
Fig. 12. BPA for entire operation region.
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=124 | | L]
- i I
3 | ' f
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g 1
= {
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11.2 : : : : : ‘
0 100 200 300 400 500 600 700
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- - - Baseline controller; — Proposed IT2FC
Fig. 13.  Rotor speed for entire operation region.

It should be noted that any reduction in BPA and rotor
speed variations decreases mechanical loads and enhances
operational life of mechanical parts of wind turbine.

VI. CONCLUSION

In this paper, an adaptive IT2FC is proposed. This control-
ler works in parrallel with the well-known baseline control-
ler of wind turbines. Simulations are carried out for the 5
MW wind turbine using FAST wind turbine simulator. In
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fact, this controller exploits attractive features of the baseline
controller, e.g., independence to the wind speed measure-
ment, to improve its performance. Simulation results show
that the proposed IT2FC improves power generation and
causes less variation in BPA and rotor speed in comparison
to the baseline controller which results in reduction in me-
chanical loads.
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